Background: Increased left atrial (LA) size has been proposed as a predictor of multiple adverse cardiovascular events including stroke. LA dysfunction can occur in the absence of increased LA size. However, the relationship between stroke and changes in LA function is not well known. Methods: Patients with acute ischemic stroke and healthy controls were enrolled prospectively. Stroke patients received standard work-ups to determine the etiology of their strokes. Those patients with significant cardiac arrhythmia and heart failure were excluded. All participants received echocardiography examination. Conventional echocardiographic parameters were calculated and cardiac contractile characteristics of the left atrium and left ventricle were analyzed using vector velocity imaging (VVI) technique. Results: In total, 87 patients with acute ischemic stroke and 20 controls were recruited. The mitral inflow E-wave velocities were lower and Awave velocities were higher in stroke patients (0.76 AE 0.19 vs. 0.84 AE 0.16, p ¼ 0.048; and 0.97 AE 0.20 vs. 0.76 AE 0.11, p < 0.001 respectively). Stroke patients had a higher active emptying percent of total LA emptying (60.5 AE 19.0%) compared with that in controls (33.5 AE 11.7%, p < 0.001). The minimal LA volume was larger in stroke patients (15.0 AE 10.5 mL) than that in controls (9.9 AE 4.2 mL, p ¼ 0.021), whereas there was no difference in maximal LA volume between stroke patients (37.3 AE 16.5 mL) and controls (33.3 AE 9.9 ml, p ¼ 0.366). The diastolic emptying index of the LA was significantly lower in stroke patients compared with that in controls (61.4 AE 14.6% vs. 70.2 AE 11.0%, p ¼ 0.016). The mitral A-wave velocity and active emptying percent of total LA emptying were significantly higher in all stroke subtypes than those in controls. Conclusion: Acute ischemic stroke patients had altered mitral inflow velocities and emptying function of the left atrium. VVI is convenient for quantitative assessment of left atrial volumes and contractile characteristics. Functional changes of LA may occur without significant structural changes. Therefore, the clinical implications of LA functional indexes require further study.
Introduction
Structural and functional changes of the left atrium (LA) are related to various cardiovascular diseases including stroke.
1e4 LA dimension is significantly related to the incidence of stroke. 1,5e9 However, the underlying mechanisms of stroke in patients with enlarged LA are not well understood. 10, 11 Compromised LA emptying function would promote stasis of blood, which, in turn, would result in a propensity for thrombus formation and increased risk of embolism. 12 Moreover, functional changes of LA could occur earlier than morphological changes of LA, and are potential indicators for intervention. The relationship between the LA function and stroke has not been investigated in patients with normal LA size and sinus rhythm. However, evaluation of LA function is less reliable by conventional echocardiography, and has rarely been investigated in patients with cerebrovascular diseases. 4, 13 Recent advancements in ultrasound techniques, such as tissue Doppler imaging, speckle tracking technique, and vector velocity imaging (VVI) 14 help to identify early global or regional LA contractile dysfunction. The VVI can provide a comprehensive regional function assessment of all LA walls, and could be valuable for clinical evaluation and guiding therapeutic intervention. 11, 15 The present study is designed to evaluate the functional changes of LA by echocardiography and VVI analysis in patients with acute ischemic stroke.
Methods
Consecutive patients who were admitted to the Tungs' Taichung Metro Harbor Hospital due to ischemic stroke within 3 days after stroke onset were screened prospectively by experienced neurologists. All stroke patients fulfilled the WHO criteria of stroke and had no evidence of hemorrhage on their cranial computed tomography or magnetic resonance imaging examinations. Patients were excluded due to cardiopulmonary distress (5 patients), technical difficulty or poor cooperation for echocardiographic examination of the left atrium (6 patients), and the presence of atrial fibrillation (18 patients). A total of 87 patients were recruited in this study. All patients received routine work-ups for stroke risk factors and etiology survey. Additionally, all stroke patients were classified into different stroke subtypes based on the results of clinical features and ancillary diagnostic studies according to the criteria adapted from the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification. National Institutes of Health Stroke Scale (NIHSS), and modified Rankin scale were recorded at admission, at discharge, and 30 days after the index stroke for all recruited patients. Furthermore, 20 healthy individuals were recruited as controls from a group who had received physical check-ups in this hospital. This study was approved by the Institutional Review Board of this hospital. All participants gave informed consent prior to entering the study.
Echocardiography and VVI analysis
Transthoracic echocardiography was performed by using a computed ultrasound system (Acuson Sequoia C512, Siemens Medical Solutions, Mountain View, CA, USA) with a 3V2c (2.0e3.5 MHz) transducer. The same experienced echocardiographer performed echocardiography for all recruited participants. Two-dimensional echocardiographic measurements were performed according to standard procedures suggested by the American Society of Echocardiography. 16 LV dimension, wall thickness, and ejection fraction (EF) were measured on the parasternal long axis view with the use of M-mode echocardiography. Diastolic function of the left ventricle (LV) was assessed by recording the transmitral peak E wave velocity, peak A wave velocity, and the E/A ratio of mitral flow velocity on the apical four-chamber view with the use of pulsed Doppler recordings. Parameters of pulmonary venous flow including S wave velocity, D wave velocity, A wave velocity, and S/D ratio were also recorded.
Ultrasound loops, each containing three consecutive cardiac cycles, were acquired at the end expiration and were stored digitally for offline analysis. Machine settings were manually adjusted to optimize two dimensional (2D) endocardial and myocardial grayscale definition for VVI analysis. The frame rate was kept at >70 Hz by adjusting the depth and width of B-mode imaging. Syngo velocity imaging technology software (Siemens Medical Solutions) was used for VVI analysis. True apical images with standard anatomic landmarks in each view were used for analysis. LA borders were tracked automatically frame-by-frame in a cardiac cycle. LA volumes were also determined using the modified Simpson's rule with apical four-chamber images. The LA volumes and indexes of LA function were calculated by the methods described elsewhere. 9 Three basic LA volumes including maximum LA volume just prior to mitral valve opening, preatrial contraction (preA) LA volume just prior to P wave on surface electrocardiography, and minimal LA volume after mitral valve closure were measured ( Fig. 1) . Indexes representing reservoir, conduit, and booster pumping functions of LA were calculated from these three LA volumes. Indexes of LA reservoir function include: (1) 
Statistical analysis
Continuous variables are expressed as mean AE standard deviation. Categorical variables are expressed as numbers and percentages. The nonparametric ManneWhitney test was used to compare the difference in clinical characteristics, and echocardiographic profiles between controls and stroke patients. The Chi-square test was used for categorical variables, and Fisher's exact test was used when the case number was <5. The one-way analysis of variance test and the post hoc least significant difference test were used to compare the difference in clinical characteristics and echocardiographic profiles between the control group and different stroke subtypes. All statistical calculations were done using a commercially available statistical package (SPSS Statistics 20 for Windows; IBM, Armonk, NY, USA). A p value < 0.05 was considered significant.
Results
The age and gender were not different between control individuals and stroke patients (Table 1 ). Of the 87 recruited patients, hypertension was diagnosed in 61 (70.1%), diabetes mellitus in 39 (44.8%), hyperlipidemia in 31 (35.6%), current smoker in 25 (28.7%), previous ischemic stroke in 37 (42.5%), and previous coronary artery disease in 9 (10.3%). The NIHSS was 5.4 AE 3.7 at admission and 4.2 AE 3.4 at discharge. The clinical data and echocardiographic parameters of all participants are summarized in Table 1 . The LV EF estimated by VVI was lower in the stroke group compared with that in the control group, whereas the LV EF estimated by Simpson's methods was not different between both groups. Stroke patients had higher transmitral A-wave velocities. Reverse E/A ratio was observed more frequently in stroke patients (Table  1) . Pulmonary venous flow profiles were not different between stroke patients and the controls. Stroke patients had larger preA and minimal LA volumes. Diastolic emptying index (a synonym of EF of LV), expansion index, passive emptying index, and passive emptying percent of total LA emptying were lower in stroke patients compared with those in the control group (Table 1) . Active emptying percent of total LA emptying was higher in stroke patients than that in the control group.
Of the 87 patients with acute ischemic stroke, TOAST stroke subtypes were: large artery atherothrombosis in 30 patients, lacunar infarct in 42 patients, and undetermined etiology in 15 patients. The clinical features and echocardiographic parameters of different stroke subtypes were summarized in Table 2 . Diabetes mellitus was observed more frequently in patients with an undetermined etiology subtype ( Table 2 ). The undetermined etiology subtype had a lower pulmonary S wave velocity compared with that of the large artery atherothrombosis subtype. All the other echocardiographic parameters were not significantly different in different stroke subtypes (Table 2) . Post hoc analysis of all participants showed that the LV EF measured by the VVI method, mitral A-wave velocity, pre-A LA volume, LA expansion index, active emptying percent of total LA emptying, LA passive emptying index, and passive emptying percent of total LA emptying were significantly different between the control group and each stroke subtype. The LA minimal volume was smaller in the control group compared with that of lacunar subtype ( p ¼ 0.023). The active emptying percent of total LA emptying was highly correlated with the aforementioned variables that were significantly different between the control group and each stroke subtype. Therefore, the active emptying percent of total LA emptying was selected as the independent variable for univariate and multivariate regression analyses of comorbidities. Univariate analysis showed that increased active emptying percent of total LA emptying was associated with increased age (b coefficient: 0.563, p ¼ 0. 
Discussion
This study demonstrated that acute ischemic stroke patients, including all stroke subtypes, had altered mitral inflow velocities and emptying function of LA in the absence of increased LA size. The finding that stroke patients had lower diastolic emptying index and larger minimal LA volume indicates that they are more likely to have incomplete LA emptying. Incomplete LA emptying may lead to a stasis of blood, which in turn results in a propensity for activation of coagulation cascade, thrombus formation, and increased risk of embolism. 17 Thus, the changes of LA functional indexes in stroke patients could be involved in the pathogenesis of a stroke. VVI analysis helps for quantitative assessment of LA volumes and contractile characteristics.
Active emptying of LA plays a major role in LV filling in stroke patients, whereas LV was filled mainly by passive emptying in healthy controls. The increased transmitral Awave and decreased E/A ratio suggested pressure overload in LA or impaired LV relaxation in our stroke patients. 18 LA size is regarded as a reflection of the average effect of the LV filling pressures against LA over time. 19 Increased LA size should be a late consequence of altered LA function. The LA size was not significantly different between stroke patients and the controls. The changes in functional indexes of LA in our stroke patients were observed in the absence of LA dilatation; that is, LA functional changes may develop earlier than structural changes.
Previous reports showed that the LA dimension is related to ischemic stroke. 4, 20, 21 Changes of LA functional indexes in the absence of LA dilatation were observed in our stroke patients. Therefore, LA functional indexes could be more sensitive risk indicators of cardiovascular disease. Functional indexes of LA could be potential indicators for early therapeutic interventions. Previous studies showed that LA stiffness is reversible with angiotensin-II converting enzyme inhibitor, 22 weight reduction, 23 and pressure-assisted ventilation. 24 These aforementioned interventions are known to reduce the risk of cardiovascular diseases. More studies are needed to evaluate the validity of these LA functional indexes as a target of treatment.
Several traditional parameters and newer modalities are emerging for the assessment of LA function. 25 The VVI technique is able to measure the left atrial size, 2, 10, 26 as shown in this and previous studies.
14 VVI analysis, which is derived from the 2D speckle tracking technique, is also less angledependent compared with tissue Doppler imaging in the evaluation of dynamic contractile properties of global or regional LA wall. 2, 10, 26 The VVI technique was able to detect differences of LV volumes and EF between stroke patients and controls in this study, whereas the calculated LV EF based on the conventional biplane Simpson's rule algorithm failed to show significant difference between both groups. The LA diastolic emptying index in our stroke patients was higher than that in our controls and than that in a previous report. 17 This study had several limitations. The causal relationship between stroke and left atrial function is difficult to conclude because our study used a cross-sectional design. The control group enrolled only 20 healthy individuals to establish normal data for VVI analysis. The differences between the controls and stroke patients could be biased by the small number of controls and comorbidities in stroke patients. Comorbidities including hypertension, diabetes mellitus, and hyperlipidemia could contribute to the changes of LA function in our stroke patients. The association between ischemic stroke and changes of LA function was substantial as shown by multiple regression analysis. Acute ischemic stroke patients may have reversible myocardial injury in up to one-third of patients. 8 Patients with unstable cardiopulmonary conditions or individuals unable to cooperate with echocardiography, which frequently occurred in patients with severe stroke, were excluded in this study. Therefore, the relationship between stroke severity and functional abnormalities of the left atrium is unclear. More prospective studies with a longer period of follow-up may help to determine the role of LA dysfunction and stroke outcome.
In conclusion, patients with acute ischemic stroke had altered mitral inflow velocities and impaired passive emptying function of the left atrium in the absence of LA dilatation. The VVI technique can provide an efficacious function assessment of LA. However, the association between stroke outcomes and functional/structural changes of LA needs further study. 
